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Compact  Broad-band  Wavelength-Agile  Mid-infrared  Semiconductor  Lasers  for  Spectroscopic  Sensing 

Foreword 

The  infrared  (IR)  spectral  range  3-10  pm  contains  the  fundamental  vibration  band  signatures  of  virtually  all  relevant 
molecules,  and  is  most  important  for  spectroscopic  sensing.  Photonics  in  this  spectral  region  is  the  key  enabling 
technology  for  applications  such  as  spectroscopic  detection  of  chemical  and  biological  agents.  A  significant  development 
in  the  late  1990’s  was  the  emergence  of  IR  semiconductor  photonics  that  include  the  Sb-based  laser  and  the  InP-based 
quantum  cascade  laser.  In  order  for  these  technologies  to  be  useful  for  system  applications,  they  must  be  further 
developed  into  advanced  components  that  are  capable  of  broad  wavelength  tunability  and  agility.  Practical  applications 
also  demand  desirable  operational  characteristics  regarding  to  size,  weight,  and  power  consumption. 

This  program  aims  to  develop  advanced  IR  lasers  based  on  these  semiconductors  to  be  used  for  system  applications.  The 
objective  is  a  technology  for  advanced  laser  modules  capable  of  broad  wavelength  tunability  and  agility.  The  program 
requires  both  fundamental  study  of  wavelength  tuning  characteristics  of  these  materials  as  well  as  advanced  laser  designs. 
An  equally  important  aspect  besides  scientific/technological  consideration  is  the  viability  of  the  technology  for  product 
development.  A  long-term  anticipated  impact  is  the  ultimate  widespread  deployment  and  commercialization  of  this 
technology. 

The  program  has  achieved  its  objective  of  developing  compact,  broadly  tunable  and  wavelength  agile  IR  lasers  as  well  as 
associated  photonics  including  optical  preamplifiers  and  Bragg  grating  devices.  The  technical  essence  is  a  fundamental 
understanding  of  these  laser  material  properties  and  the  development  of  advanced  wavelength-tunable  laser  architecture. 
Equally  important  is  the  development  of  novel  spectroscopic  system  applications  as  test-beds  for  these  advanced  lasers. 
Chemical  and  biological  spectroscopic  imaging  was  demonstrated.  The  program  has  also  influenced  directly  and 
indirectly  the  emergence  of  some  commercial  laser  products.  It  is  anticipated  that  these  laser  products  will  ultimately 
enable  widespread  applications  of  IR  spectroscopic  sensing. 
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Statement  of  the  problem  studied 

1.  The  importance  of  mid-IR  spectroscopic  sensor 

Infrared  spectroscopy  (3-10  pm)  is  a  backbone  of  the  analytical  instrument  and  sensor  technology.  It  is  increasingly 
used  in  defense  and  commercial  market,  from  environmental,  industrial  process  &  control,  chemical,  pharmaceutical,  bio¬ 
medical,  and  health  industries.  For  chemical  and  biological  warfare  agents,  extensive  work  has  indicate  that  FTIR 
spectroscopy  and  microspectroscopy  are  quite  capable  of  detecting  and  identifying  highly  complex  chemical  agents  and 
even  microbes  in  the  laboratory  environment. 

2.  The  need  for  advanced  mid-IR  enabling  photonic  technology 

In  spite  of  the  known  scientific  potential  mentioned  above,  IR  spectroscopic  sensing  systems  are  scarce  if  not 
conspicuously  absence  in  the  field.  The  problem  is  that  conventional  IR  instruments  have  evolved  very  slowly  from  what 
they  were  more  than  40  years  ago,  limited  by  the  lack  of  high  performance  components.  Most  still  employ  low-brightness 
incoherent  sources  that  limit  the  measurement  speed,  reliability,  and  quality  of  output  spectra. 

There  is  need  for  high  performance  IR  sensors  with  novel  components  and  system  engineering.  A  crucial  element  is 
broad  wavelength  tunable  and  agile  lasers  and  associated  photonics.  Lasers  offer  spectral  irradiance,  brightness, 
modulation  bandwidth,  and  noise  figure  that  result  in  orders-of-magnitude  improvement  in  speed,  reliability,  and  quality 
of  spectral  data  compared  with  incoherent  sources.  But  a  challenge  for  laser  is  also  to  achieve  usage  simplicity, 
robustness,  and  affordability.  This  program  aims  to  achieve  such  a  laser  technology. 

3.  Key  program  features 


3.1 


To  develop  mid-infrared  semiconductor  laser  technology  that  can  be  used  in  compact,  portable,  infrared 
spectroscopic  sensors.  Expected  performance  of  the  laser  is  given  in  the  table  below: 


Broad  wavelength  tunable  and  agile  laser 


Average  power,  quasi-cw  modulation 
Relative  intensity  noise  (RIN) 

Peak  cooling  power  consumption 
Electrical-to-optical  power  efficiency 
Wafer-selectable  wavelength  range 
Device  tunable  wavelength  range 
Wavelength  accuracy 
Programmable  wavelength  tunability 
Wavelength  modulation  bandwidth 
Linewidth 

Direct  modulation  bandwidth 
Beam  quality 


>  -3  dBm 
<  -80  dB/Hz 

<20  W 
>  0.5  % 
3  to  10  pm 
>  5%  of  central  wavelength 
<  10‘3  of  specified  value 
From  0.1%  to  >  2%  of  specified  X 
>  1  kFIz  for  1  %  /.  change 
<  5  x  1 0‘4  of  central  frequency 

>  10  MHz 
<  5  times  diffraction  limited 


3.2 


Specific  attention  will  be  given  on  approaches  for  wavelength  tuning  and  control  that  allows  miniaturization 
while  meeting  the  accuracy  and  reliability  requirement.  Bragg-grating-based  techniques  will  be  studied. 


3.3  As  the  ultimate  application  of  this  laser  technology  is  IR  spectroscopic  sensors  that  can  perform  real-time 
detection  and/or  identification  of  chemical  or  biological  agents,  a  sensor  test-bed  will  be  demonstrated  as  an 
embodiment  of  this  technology. 
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Summary  of  key  results 

Technical  details  of  all  the  following  key  results  can  be  found  in  the  reprints/preprints  given  in  the  Appendix. 

•  All  critical  features  of  a  design  for  compact,  broadly  tunable,  wavelength-agile  spectroscopic  grade  mid-IR  lasers 
have  been  developed  and  demonstrated  experimentally.  A  blue  print  to  implement  this  design  for  possible  product 
has  also  been  achieved. 

This  achievement  was  the  culminating  result  of  both  extensive  studies  of  the  laser  material  fundamental  properties 
as  well  as  development  of  advanced  design  and  fabrication. 

•  Besides  lasers,  other  advanced  photonic  devices  including  optical  pre-amplifiers  were  also  developed  to  be  used 
in  advanced  receivers.  Optical  pre-amplification  can  boost  an  optical  signal  above  the  detector  and  electronic 
noise  levels  and  enhance  the  receiver  sensitivity.  These  devices  have  applications  in  both  sensors  and  optical 
wireless  communications. 

•  For  test-bed  and  system  development,  the  lasers  have  been  used  to  demonstrate  the  advantages  of  laser-based 
spectral  imaging,  including: 

Laser-based  microscopic  spectral  imaging  system  with  focal  plane  array  detectors  demonstrated  a  high  signal- 
to-noise  ratio  (>20  dB)  at  video  frame  rate  for  a  large  illuminated  area.  Microscopic  spectral  imaging  with 
fixed-wavelength  and  tunable  lasers  of  4.6,  6,  and  9. 3 -pm  wavelength  was  applied  to  a  number  of 
representative  samples  that  consist  of  biological  tissues  (plant  and  animal)  and  solid  material  (a  stack  of 
laminated  polymers).  Transmission  spectral  images  with  ~30-dB  dynamic  range  were  obtained  with  clear 
evidence  of  spectral  features  for  different  samples. 

Wavelength  modulation  spectroscopy  (WMS)  was  applied  to  image  the  spatial  distribution  of  a  gas  with  an 
excellent  background  clutter  rejection  capability.  A  novel  concept  of  multi-modal  image  fusion  of  passive  and 
active  techniques  has  been  demonstrated. 

A  novel  concept  of  multi-spectral  laser  sensing  system  using  wavelength-division-multiplexing  and  code¬ 
division  multiplexing  have  been  demonstrated. 
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